lc
o~
1%
(=4
D

|

SSeEETO

i

NASA TN D-6500

LOAN COPY: RETUR
AFWL (DO L)
KIRTLAND AFB, N. M.

PHOTOCONDUCTIVE AND OPTICAL
PROPERTIES OF AMORPHOUS SELENIUM

by;‘ John A. Woollam, Kenneth R. Morash,
Mitchell Kuninsky, and Benjamin L. Averbach

Lewis Research Center

Cleveland, Obio 44135

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION = WASHINGTON, D. C. = SEPTEMBER 1971



TECH LIBRARY KAFB, NM

AV B

0133255

1. Report No, 2. Government Accession No. 3. Recipient’s Catalog No.

NASA TN D-6500

4. Title and Subtitle

5. Report Date

PHOTOCONDUCTIVE AND OPTICAL PROPERTIES September 1971

OF AMORPHOUS SELENIUM

6. Performing Organization Code

7. Author(s)

Mitchel Kuninsky, and Benjamin L. Averbach

John A. Woollam, Kenneth R. Morash,

8. Performing Organization Report No.
E-6302

10. Work Unit No.

9. Performing Organization Name and Address
Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio 44135

129-02

11. Contract or Grant No.

13. Type of Report and Period Covered

12. Sponsoring Agency Name and Address
National Aeronautics and Space Administration
Washington, D.C. 20546

Technical Note

14. Sponsoring Agency Code

15. Supplementary Notes

16. Abstract

The electron and hole drift mobilities in photoconducting amorphous selenium were measured.
Samples were prepared by vapor deposition on substrates held both above and below the
selenium glass transition temperature T_. This report makes several contributions to
understanding mobility: we have shown that the substrate deposition temperature has little
effect on the mobility at 300 K. However, from the temperature dependence of the hole mo-
bility, a thermal activation energy of 0.2010.02 eV was observed for samples deposited below
T _. This is higher than previously reported for samples deposited near T _. Mobility is
found to be independent of magnetic fields to 1 tesla within an accuracy of +5 percent. Mo-
bility at 300 K is also shown to be independent of wavelength from 0. 22 to 0. 60 micrometer;
however, the number of carriers is very dependent on wavelength, and this determines the
wavelength cutoff in the number of carriers excited to mobile states. The photoconductivity
edge was found near 0.5 micrometer and the optical absorption edge between 0.66 and 0. 90
micrometer. In addition, we have studied the influence of the methods of preparation of
electrode films. A new phenomenon has been investigated for temperatures below 200 K,
where voltage-against-time curves are exponential, rather than kinked, and the exponential
decay is strongly temperature dependent. Another unusual result was that the electron mo-
bility changed by a factor of 3 for electric fields greater than 5><106 V/m.

17. Key Words (Suggested by A;Jthor(s)) o
Selenium Temperature dependence
Photoconductivity Preparation dependence
Optical properties
Drift mobility

18. Distribution Statement
Unclassified - unlimited

19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of Pages 22, Price”
Unclassified Unclassified 27 $3.00

* For sale by the National Technical Information Service, Springfield, Virginia 22151




PHOTOCONDUCTIVE AND OPTICAL PROPERTIES OF AMORPHOUS SELENIUM

by John A. Woollam, Kenneth R. Morash*®, Mitchell Kuninsky®,
and Benjamin L. Averbach*

Lewis Research Center

SUMMARY

The electron and hole drift mobilities in photoconducting amorphous selenium were
measured at 300 K. Only small differences were observed between samples deposited
on substrates below the glass temperature Tg of 313 K and those deposited on sub-

strates above T_. Mobility values were found, within experimental error, to be the
same as the values found by others for samples deposited on substrates held above the
glass temperature. We have measured a sharp drop in the number of mobile charges
for wavelengths between 0. 48 and 0. 52 micrometer and longer. The optical absorption
edge was found to be between 0. 66 and 0. 90 micrometer. A thermal activation energy
for hole mobility was determined from the temperature dependence of mobility to be
0.20+0. 02 electron volts. This is higher than the values for our samples deposited near
Tg. A temperature dependence, previously not observed, of photogenerated voltage de-
cay, was found for temperatures between 130 and 220 K. This may be related to a phe-
nomenon observed recently by Tabak (ref. 1). The mobility at 300 K was independent of
wavelength and of magnetic field to 1 tesla. As a necessary part of the research the op-
tical absorption of thin-film electrode material was studied.

INTRODUCTION

Amorphous (semiconducting) selenium is used for electro-static imaging, as well as
for photovoltaic cells, in the visible region of the electromagnetic spectrum. The
photoconductive properties determine how effective and fast responding the material will
be; that is, the higher the mobility, the faster the response and the faster the material
can be optically scanned. It is hoped that a study of the photoconductive properties will
lead to more efficient materials. In addition, it would be of practical importance to
develop materials sensitive over a wide region of wavelengths.

* Staff of the Department of Metallurgy and Materials Science, Massachusetts Insti-
tute of Technology, Cambridge, Massachusetts.
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Amorphous semiconductors are also of great current interest because of their
switching properties on the application of high voltages (ref. 2). There is a need to
test the models of these materials for the energy band structure and for the density of
states near the energy band gap. The development of consistent theoretical models for
amorphous semiconductors will help in understanding present materials and devices,
and aid in predicting new uses for these materials. Previous studies in amorphous
selenium include work by Fotland (ref. 3), Hartke (ref. 4), Grunwald and Blakney
(ref. 5), and Speer (ref. 7). Most of the experimental methods we have used have been
used by others (refs. 3 to 7).

In this report measurements of drift mobility are described for both electrons and
holes in amorphous selenium. These values are compared with values found by others
(refs. 4to 8). In addition, we have measured the mobility as a function of temperature
and looked for changes as a function of magnetic field and wavelength. We have
attempted to understand why various samples give better ''signals’' than others, and
why samples from the same initial deposition have somewhat different characteristics.
We performed a number of related experiments designed to improve the experimental
method and to provide a better understanding of the results. For example, the optical
absorption of the electrodes used for voltage contacts was measured, and these results
were found to be significant. The optical absorption of selenium out to 50 micrometers
in the far infrared was measured to search for any absorption ''resonances. "’

A study of the effects of material preparation methods was made. Samples were
deposited on substrates held both above and below the glass temperature T g The glass
temperature is defined as the second-order phase transition occurring between 303 K
and 316 K. Among the more evident changes at T_ are the mechanical properties.
Below Tg selenium is brittle, and above Tg it is ductile (Dr. A. R. Melnyk, private
communication). In going from T < Tg to T > Tg the viscosity drops by several
orders of magnitude.

The work reported herein was performed during the summer of 1970 at MIT where
John Woollam was a visiting scientist in the department of Metallurgy and Materials
Science. Samples and helpful information were supplied by Drs. Evan J. Felty, Mark D.
Tabak, Mark B. Myers, and Andrew R. Melnyk.

THEORY
Photoconduction

The effectiveness of selenium in devices depends on the photoconductive properties
and especially the drift mobility of the carriers. The drift mobility u q is the velocity
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"'response'' of charges to an applied electric field (ref. 9):
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where v is the velocity of the charge and E is the applied electric field. (All symbols

are defined in appendix A.) If the sample has a flat plate geometry of thickness d with
an applied voltage V0 across the thickness, we have

Assuming the charge moves across the plate with a constant velocity,
2
Vot

where t is the time taken to traverse the thickness d. Typical transit times are of
the order of 10_6 second. If charges make collisions or are momentarily trapped and
then released in times much less than 10_6 Second, the transit velocity will be nearly
constant during the transit time. (See appendix B for a general derivation.) Trapping
is discussed in reference 10.

To make a meaningful measurement of mobility, the electric field across the sample
must be uniform. This assumes that there are no charges existing in the bulk of the
sample. Selenium in the dark state exhibits a low conductivity (o ~ 1010 ohm-m,
ref. 2) and trapped charges can exist within the bulk for a long time. To make mean-
ingful mobility measurements, it is thus necessary to induce the generation of very thin
layers of photogenerated charge. This requires that a charge layer is created on the
surface with thickness K such that

K<<d (4)

The incident light ionizes the selenium atoms, creating negative electrons and pos-
itive hole carriers. With a large enough applied voltage Vo’ it is possible to make
these charges traverse the thickness of the sample before recombining to neutralize.
(See derivation in appendix B.) Depending on the polarity of Vo’ it is possible to have
either the positive charges or the negative charges traverse the sample. In amorphous
selenium it happens that the mobility for holes (+ charge) is greater by a factor of about



30 than the mobility for electrons (- charge). The reason for this is probably related
to the atomic arrangement of the amorphous material and to the nature of the traps.
By amorphous we mean disordered or noncrystalline. However, amorphous semicon-
ductors have considerable short-range order. A model for the structure of amorphous
selenium has been determined from X-ray diffraction by Kaplow, Rowe, and Averbach
(ref. 10). The structure was found to be composed almost entirely of eight-member
rings, in an atomic arrangement which was only a slight perturbation of crystalline
monoclinic selenium. Some of the rings in the amorphous material are opened slightly
and these openings may be very effective trapping centers for electrons.

The amorphous state is thus closely related to the crystalline state of the same
material and Mott (ref. 2) and Cohen (ref. 11), for example, have proposed that the
energy bands near the band gaps are related. Figure 1 shows the density of energy
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Figure 1. - Band model for density of states in amorphous semi-
conductors. (From ref. 11.)

states as a function of energy for this model as discussed by Cohen (ref. 11). In the
crystalline state the intrinsic semiconductor has sharp density-of-state ''edges, '
where the density of states drops to near zero as a function of energy. The lower
occupied energy region is the valence band and the unoccupied higher energy region is
the conduction band. These are separated by an energy gap ES. Inthe amorphous
state the model suggested is one in which the sharp edges are rounded and the gap con-
tains localized energy states.

Carriers can be optically excited into the conduction band of crystalline mate-
rials in several ways. One of these is the following: If there are no impurity states,
the incident radiation may ionize an atom, thus giving the electron enough energy to
be free to conduct electric current. This requires incident radiation energy equal to
or greater than the energy gap. In crystalline selenium this is approximately 1.8 elec-
tron volts (ref. 12). The incident light energy is quantized into photon units; and if one
photon excites one electron into the conduction band, the quantum efficiency is said to
be unity. It is important in electro-optic materials to have a high quantum efficiency.
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The efficiency of practical materials depends on the wavelength of the radiation and can
be between zero and unity, depending on specific definition of quantities.

In amorphous materials, electrons can be excited across the (now fuzzy) energy
gap, between localized states within the band gap, or from the valence to the conduction
band. With fuzzy energy gaps, photoconduction and optical absorption edges will be not
as sharp in amorphous as in crystalline materials (ref. 13).

In crystalline intrinsic semiconductors the energy gap can be measured by meas-
uring the electrical conductivity as a function of temperature. In these experiments the
conductivity is measured using the carriers in the conduction band obtained from ther-
mal excitation across the gap. The occupation of conduction band states depends on the
temperature through the Boltzmann distribution function k. Thus the conductivity is
exponentially dependent on temperature, with an excitation energy corresponding to the
energy gap.

In high-resistivity amorphous materials the temperature dependence of the con-
ductivity is not so clearly related to the energy gap because the conduction may be
limited by trapping (ref. 10), which is very temperature dependent. Charges are
momentarily bound or trapped to localized states in the band gap. Because of thermal
activation and the presence of an electric field, the charges remain bound for only short
periods of time.

In high-resistivity amorphous semiconductors the thermal activation energy is
obtained from mobility-against-temperature plots expressed in the form

Wooe e_E/kT (5)

The value of E may correspond, for electron carriers, to the difference between local-
ized energy states in the band gap and the conduction band energy. If trapping domi-
nates the temperature dependence of the mobility, E will be small in comparison with
the band gap.

Optical Properties

Closely related to the photoconductive properties in amorphous semiconductors are
the optical properties, especially the absorption of radiation of various frequencies.
In crystalline materials, light is absorbed whenever electrons are excited across the
energy gap or excited into impurity states. The cutoff frequency for exciting carriers
into the conduction band is very sharp for crystalline materials. In amorphous mater-
ials the optical absorption edge is smeared out because of the fuzziness of the gap
shown in figure 1. The wavelength at which optical absorption is cut off is not always



the same as the wavelength for cutoff of photoconduction. This is probably due to exci-
tation of electrons to localized states in optical absorption. These electrons were effec-
tive in absorbing radiation but are not excited to high enough energy to be free to con-
duct current in the photoconductive process. This can cause the optical edge to be at
longer wavelengths than the photoconductive edge.

EXPERIMENTAL METHODS

A block diagram of the apparatus is shown in figure 2. A dc voltage variable from
0 to 180 volts (in certain cases up to 1000 V) of either polarity is maintained across the
sample. With no light incident there are few carriers, and the current drawn is negli-
gible. Light from a xenon flash lamp is incident through a semitransparent electrode
onto the sample surface. The light duration is very short; a time distribution of the
pulse intensity is shown in figure 3. The light flash ionizes the sample atoms, creating
negative electron charges and positive charged holes. One polarity of charge is free to
be accelerated across the sample by the voltage V0 and the charge of opposite polarity

5x108 @
I i Oto 180V
Remote flash

control

Optical
filters 3l

1
A

™ High-speed

> oscilloscope

Nanosecond

flashlamp Amplifiers
N (x1, x10, or x100)
~—Sample
1
& Temperature-
controlled cryostat
(a} Schematic.
v ~200 pF 5MQ
Cable v - - NN/
~200 pFﬁ\ \\\
/%\\\\\ _\‘_—I"Cz - ,"";20 pF _____VO
{ Wl ’ N
RS\ g _t , —_ / _J /’\/ 3
NNt
// — "0 Cl g J '(\
/ N
Sample ~ \
Y
\‘—Scope

(b) Equivalent circuit.

Figure 2. - Photoconductivity apparatus. (See figs. 3 and 6 for characteristics of flash lamp. }
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Figure 3. - Intensity distribution of flash lamp as function of time.

will be neutralized. If the transit time t is short enough, the charges will arrive at
the opposite electrode before being ''trapped'' within the bulk (ref. 14). The equivalent
circuit for the apparatus is shown in figure 2(b). The sample resistance Ry is very
large (~ 1010 ohms) and the capacitance values for the sample, cable, and scope are
marked. The capacitances are in parallel to give a total capacitance C1 + C2 + C3 of
approximately 420 picofarads. The charge sheet traversing the sample is equivalent to
having a current in the circuit. The remainder of the circuit serves as an integrator of
the current. The RC time constant of the circuit is of the order of seconds (4 sec for
the situation just described). The transit times are always several orders of magnitude
shorter, so this method of studying mobility is called the ''charge integration'' method.
The scope trace is the time-integrated current, or the charge. As the charge reaches
the opposite side of the sample, the current stops and a kink appears on the oscilloscope
(ref. 14), as shown in figure 4. The time between initiation of the light pulse and the
voltage kink on the scope is a measure of the transit time. At a sufficiently long time

Voltage

[
pe—Transit time——|
f |
A ! .
Time

’
Light flash —

Figure 4. - Voltage across sample as function of time for ideal case
of transit times shorter than trapping times.



after the transit, the signal on the scope will decay back to zero with the time constant
RSC of the circuit. A derivation of the voltage as a function of time across the sample
is given in appendix A.

If transit times are measured for a series of voltages, equation (3) can be used to
determine the drift mobility. Voltages no greater than 180 volts were used since the
material's breakdown (switching) point occurs for electric fields greater than 108 volts
per meter. One exception to this voltage limit was the 135-micrometer sample where
up to 1000 volts were applied. This is still well below the breakdown field.

Samples were made in several ways. Kel-F or aluminum was used as a substrate.
Pure gold approximately several hundreths of a micrometer thick was deposited on the
Kel-F. The aluminum was allowed to oxidize to form an insulating barrier but a varnish
insulation was thought to be needed on top of the gold for the Kel-F samples. Figure 5

/,—Gold electrode, 0.2000 Hm—~
e _~Formar, 0.2000 um—__
= =7 ~Al0g S— -
[ Sample, 10to 150 ym 1/L Formar, 0.2000 “"‘“A Sample, 10 to 150 pm Jj
Gold electrode, _-
m 0. 2000 pym —~ Kel-F substrate, 1.6x1073 m

1

Afluminum substrate, 1. 6x1073

{a} Sample with aluminum substrate. (b} Sample with Kel-F substrate.

Figure 5. - Schematic of selenium film construction.

illustrates the sample geometry. The varnish layer was approximately 0. 20-micrometer
thick, but was sometimes not used at all. The purpose of the insulating varnish was to
ensure that free carriers were not directly injected from the gold into the conduction
band of the sample. This proved to be unnecessary, probably because the contacts were
nonohmic.

Mobility was measured as a function of wavelength using filters passing only wave-
lengths within i5><10_9 meter of the desired value. These were placed as shown in fig-
ure 2. These measurements depended on the spectral distribution of light from the
flash lamp, and this is shown in figure 6. This distribution was fairly limited, having
a width at half intensity of only about 0. 25 micrometer peaked at 0.32 micrometer.

This was a serious limitation of the flash lamp technique. If a wider spectral distribu-
tion of photosensitivity is to be studied, another form of light flash must be found. How-
ever, the flash lamp emits into the infrared at a lower intensity.

Photoconduction measurements were also made as a function of temperature. This
was accomplished by suspending the sample in a variable-temperature dewar capable of
regulating the temperature between 2.0 K and 300 K. Light was admitted to the sample
by passing it through an optical window in the dewar.
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Figure 6. - Spectral distribution of flash lamp intensity. (Courtesy of Xenon Corp. )

Two methods of depositing gold films were tried: sputtering and vapor deposition.
Sputtered film thicknesses could be controlled accurately with practice. However, the
presence of hot gold vapor near selenium sometimes crystallized it. To avoid this the
substrates were placed on 78 K cold fingers but this caused cracking of the samples. A
more successful method was to vapor deposit the gold from a coiled tungsten heater. In
this method it is necessary to have a high vacuum (less than 1079 mm) to avoid heating
the samples. Metallic, heat-sink baffles were helpful here. Simultaneous deposits of
gold and aluminum were found to have desirable optical properties; this is discussed in
the section Optical Absorption by Electrode Films.

Measurements of optical transmission from the near ultraviolet (0.20 um) to the
far infrared (50 um) were made in commercial dual-beam spectrometers. These were
very useful instruments because the ratio of incident to transmitted intensity was plotted
against wavelength automatically. Again, care had to be taken to avoid infrared heating
of the samples since selenium could easily be crystallized.

RESULTS AND DISCUSSION
Photoconductivity Measurements of Mobility at 300 K

In figure 4 voltage across the sample as measured by the ac coupled scope is shown
against time for an ideal sample. In actual practice it is difficult to obtain such sharp
data. For thin selenium films, equation (3) shows that for a given mobility the transit
times become very short. We frequently found transit times of the order of fractions of
microseconds. Consequently, radio interference was a noise source. High-impedance
ground loops were also a major source of noise.

Another source of distortion from the ideal curve found in figure 4 is charge
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Figure 7. - Voltage across sample as function of time for case of transit time
longer than trapping time. Sample thickness, 132 micrometers; deposition
temperature greater than selenium glass transition temperature.

trapping. Trapped charges then create internal electric fields which add or subtract
from the applied dc electric field (ref. 15). This can cause a rounding of the voltage
signal as shown in figure 7, which shows a measurement for a sample with a relatively
large amount of trapping occurring during the transit of charge. This is taken for a
selenium sample 132 micrometers thick with a dc voltage of +180 volts for positive hole
carriers. At the start of the trace, a high-frequency noise is present, and a rounding of
the transit voltage is visible as a function of time.

Figure 8 shows a trace of a rather good sample of 132-micrometer-thick selenium
made by deposition on a substrate held above Tg. The trace is nearly ideal. The sig-
nal amplitude is rather large; the vertical scale in figure 8 is 20 microvolts per division.
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Figure 8. - Voltage across sample as function of time for transit time
short compared to trapping time. Sample thickness, 132 micro-
meters; deposition temperature greater than selenium glass
transition temperature.
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Figure 9. -Inverse transit time as function of applied voltage, with and without wavelength filter. Sample
thickness, 132 micrometers; deposition temperature greater than selenium glass transition temperature.

Transit times from this sample were accurately measurable. A series of traces for
various voltages were taken; figure 9 shows a plot of 1/t against applied voltage.

From equation (3)
by - & [a;;/t)] ©
)

The mobility measured from figure 9 using equation (6) was (0. 12+0. 005)><1O—4 square
meters per volt per second. The best-line fit to the data points in figure 9 does not
appear to intersect at 1/t = 0. It is not known if this is a true effect or within data
scatter. Similar effects have been found by others (ref. 13).

Mobility measurements were made on both electrons and holes for a series of
samples. These are tabulated in table I. The principal difference between samples was
that some were made by depositing selenium on a substrate held above the glass temper-
ature T g and others were deposited at temperatures below Tg. Both forms are amor-
phous and true glasses (liquid), but the samples deposited below T_ were suspected to
have a more random structure due to quenched-in defects. Using the model of figure 1
we postulated the tailing of the density of states to be more severe in the samples de-
posited below T _ due to the creation of more localized energy states. One of the
objects of the present experiments was to test whether this would influence the photo-
conductive or optical properties of the material.

We have found that the effects of trapping vary from sample to sample. Samples
which were deposited on substrates below T_ were found to more frequently have sig-

nals distorted by trapping than samples deposited above T This suggests that deposi-

g
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TABLE I. - MOBILITIES AT 300 K FOR HOLES AND ELECTRONS

FOR VARIOUS SAMPLES

Sample thickness, | Deposition temperature | Hole mobility, Electron mobility,
um Hp» ”e’
mz/V-sec mZ/V—sec
20 >T, 0.142x10°% | 0. 0055x107%
22 >Tg —————————— . 0060
20 >T, 125x10°% | oo
24 <Tg L1350 | mmememeeem
132 >Tg I 7>
48 <Tg Y N e :;- »
135 >Tg —————————— 0.002x10 ~ and 0. 006X10

tion below T creates more traps with longer average trapping times. The 300 K
values for hole mobility were found to be the same, within experimental error, as the
values found by other workers (refs. 6 and 7) and were also found to be independent of
the deposition temperature and the thickness.

A summary of results on a variety of samples is presented in table I. Here, Ky
is the hole mobility, and p e is the electron mobility. A typical voltage trace for an
electron transit is shown in figure 10. The electrons are found to be approximately 30
to 50 times less mobile than holes.

Figure 11 is a typical plot of applied voltage against reciprocal transit times for
electrons for the 135-micrometer sample. For ]E| less than 5. 6x10° volts per meter
the mobility was 0. 2><10"6 square meter per volt per second. At higher electric fields

40x1070 -
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B
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2 N [ R Y A SN U R RS SRS S (S (S A
0 50 100 150 200 250 300 350 400 450x107

Time, sec

Figure 10. - Measured voitage as function of time for electron carriers. Selenium sample thick-
ness, 135 micrometers.
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Figure 11. - Applied voltage as function of inverse transit time. Selenium sample thickness, 135 micrometers.
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the mobility jumped by a factor of 3 to 0. 6><10—6 square meter per volt per second. The
kink (abrupt change in slope in fig. 11) in the voltage against inverse transit time found
for the 135-micrometer-thick sample may have been present in the 20-micrometer
samples and been overlooked because of the large steps in the applied electric field.
Since the samples were more mobile at higher electric fields, it appears that there is
an abrupt change in the mechanism limiting mobility. Tabak and Warter (ref. 6) also
found kinks but at much lower field values. Scharfe (ref. 16) has recently found an
electric-field-dependent mobility in Aszse3. Lanyon and Speer (ref. 17) found kinks

in current-voltage plots for selenium corresponding to the onset of space-charge-
limited currents, and this may be the explanation for our observation.

Photoconduction Measurements of Mobility as Function of Temperature

The mobility of holes was also measured as a function of temperature in a
temperature-controlled dewar fitted with an optical window. These results are given in
figure 12. The sample shown in figure 12 was selenium, 24 micrometers thick, de-
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Figure 12. - Mobility of holes as function of scaled inverse temper-
ature for two samples. Log plot shows exponential dependence of
Hp on inverse temperature.
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posited below the glass temperature on a Kel-F substrate. The drop in mobility with
temperature is exponential, following equation (5). In figure 12 the mobility in square
meter per volt per second varied from 0.14x10" % at 300 K to 0.0029x10"% at 190 K. The
activation energy E for the mobility temperature dependence is found from the semi-
log plot of the data in figure 12, and is 0.20+0. 02 electron volt in the temperature range
from 200 to 300 K. The difference between this value and the value of 0. 14+0. 01 elec-
tron volt found for samples deposited at 293 K (very near or just below Tg) is signifi-
cant.

Grunwald and Blakney (ref. 5) found the activation energy to increase with increas-
ing substrate temperature above T_. Our results suggest that the activation energy
may increase for decreasing substrate temperature below T_. It would be worth while
to examine the activation energy as a function of substrate temperature for a series of
substrate temperatures below Tg. Grunwald and Blakney (ref. 5) as well as Tabak
(ref. 1) have found that above 260 K the mobility is no longer exponentially dependent
on temperature. In figure 12 there are not enough high-temperature data to compare
results.

In figure 4, below 200 K there was a significant change in the voltage-against-time
plots. These no longer had kinks corresponding to well-defined transit times, instead
they were exponential. It appeared that the decay times followed an exponential form,

V- Voe‘t'/To 7)

Where T is a characteristic decay time, V0 is the initial voltage, and V is the volt-
age after a time t'. For temperature above 160 K these time constants were well below
the time constant associated with the scope (20 usec). Thus the effect was not caused
by the characteristics of the measuring circuit. Another reason that the effect is not
due to electronics is that 7, is very dependent on temperature, as shown in figure 12,
A plot of T, a5 a function of inverse temperature over the region 130 to 220 K is shown

in figure 13, and implies an activation energy of 0.25+0. 03 electron volt as defined by

1 o o-E/kT (8)

7o

where 7, is a decay time constant.

Tabak (ref. 1) has studied selenium (deposited above Tg) in the temperature region
below 200 K. He did not use the same method used in the present experiments. In his
experiments, well-defined transit times were found, but mobility was dependent on elec-
tric field. Using electric fields of 2. 1><106 volts per meter an activation energy of

15
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0.23+0. 02 electron volt was found. Using an electric field of 1. 5><106 volts per meter,
we obtained an activation energy of 0.25+0. 03 electron volt. However, the closeness of
these energy values may be fortuitous, since the two effects may or may not be related.

The trapping time or carrier lifetime can be obtained from the observation of an
exponential decay of signal when applied electric fields are small. This effect is prob-
ably not related to the decay discussed in the last paragraph. When E is small, tran-
sit times are longer than the time for trapping of charge. The signal then decays ex-
ponentially with a time constant characteristic of the trapping time (ref. 6). Kuninsky
(ref. 8) obtained a value of 30 microseconds for the trapping time at 300 K. This is
comparable to the values found in reference 5.

Photoconductivity Measurements of Mobility as a Function of Wavelength at 300 K

It is important for the use of amorphous semiconductors in devices to know the
optical wavelengths to which samples respond. To measure this, a series of optical
filters was used to select wavelengths within +5. 0><10'9 meter of a central wavelength.
Using a 132-micrometer-thick selenium sample deposited above the glass temperature,
we studied the transmitted maximum signal amplitude Vm ax illustrated in figure 4. In
figure 14, Vmax is plotted as a function of wavelength. The figure also shows the
effects of flash lamp output (fig. 6) and electrode absorption. As shown, the flash is
intense in the ultraviolet near 0. 30 micrometer but cuts off near 0. 20 micrometer. We
were able to get a signal as low as 0. 22 micrometer (ultraviolet) and as high as 0. 60
micrometer (red light). The largest signals were found at 0. 42 micrometer (blue light).
In figure 14 the sudden drop in Vmax or cutoff of photoconduction beginning at 0. 48
micrometer and ending at 0. 52 micrometer corresponds to a ''photoconductivity edge"
between 2. 58 and 2, 39 electron volts.

The drop of photoresponse (Vmax) in figure 14 between 0. 47 and 0. 50 micrometer
is a real property of the selenium and is not caused by a limitation in the flash lamp.
Between 0.50 and 0. 60 micrometer the flash lamp output changes relatively little, yet
the photoresponse of selenium drops off very rapidly in this region.

By using a series of filters the value of the mobility was found to be independent of
wavelength to within experimental accuracy, from 0.22 to 0.55 micrometer. In figure 9
the data points using a 0. 44-micrometer filter and data taken without a filter coincide.
Similar results were obtained using other filters. Finding mobility independent of wave-
length means that the rapid drop in Vma.x near 0.50 micrometer is due to a decrease in
the number of excited carriers made available by optical absorption, rather than to a de-
crease in mobility,

17



Relative amplitude

.20 .25 .30 .35 .40 .45 .50 .55

Spectral distribution — Observed maximum
of flash lamp— // voltage, V..

Vi y
/ R\

Transmission of
gold electrode —

l I

L

o G-

Wavelength, pm

Figure 14. - Maximum voltage (see fig. 4) across sample as function of wavelength {solid curve). Cutoff between Q. 40 and 0. 20
micrometer due to use of crown glass lenses, Flash lamp and gold transmission sketched in.

80
[ Crystalline optical absorp-
tion edge (0, 69 um)

5 60—
¥
g
= 40—
g Photoconductivity
§ edge (0.48 to
S 0.52
L L

A
\

0 - | I B | S
.2 46 81 2 4 6 8 10 20 40 60
Wavelength, um

Figure 15. - Transmission of amorphous selenium as function of wavelength. Oscillations
due to interference. Minimum at 35 micrometers probably excitation of a lattice vibration

m ode.



Optical Transmission of Selenium from 0.20 to 50 Micrometer, and the Optical Edge

In figure 15 the optical transmission is plotted as a function of wavelength from
0.20 to 50 micrometers. The increase in absorption beginning near 0. 66 micrometer
and extending to about 0. 90 micrometer is associated with the absorption edge and cor-
responds to an energy gap of approximately 1.8 electron volits. The width of the edge is
approximately 0. 23 micrometer, corresponding to 0.54 electron volt. In crystalline
selenium the absorption edge occurs at 0. 69 micrometer, or 1.80 electron volts, and
the amorphous photoconductivity edge corresponds to 2. 49 electron volts (0. 498 um).
The photoconductivity edge in amorphous selenium, as well as the crystalline optical
absorption edge, is marked in figure 15. For sharp energy gaps such as in intrinsic
semiconductors (crystalline), these edges are the same,

We find an 8-percent energy width for the photoconductivity edge, and a 12-percent
width to the absorption edge, for amorphous selenium. These widths are evidence for
the band tailing predicted by Mott (ref. 2) and others (ref. 18) for amorphous materials
and sketched in figure 1. The fact that the absorption edge is at lower energies than the
photoconductivity edge suggests that electrons can be excited across the gap into localized
states in which they do not conduct. This excitation would cause optical absorption, yet
the electrons would be in states too far from the conduction band to be thermally excited
to mobile states. A similar argument applies for holes.

The oscillatory part of the absorption curve shown in figure 15 is due to interference
between light passing directly through the film and light scattered by the internal bound-
aries of the film,

Optical Adsorption by Electrode Films

The optical absorption of the films used for electrodes is also an important variable
in the measurement of the spectral response. The incident light passed through the thin
film electrode before striking the semiconductor. The optical properties of the film
were investigated as functions of thickness and wavelength.

Films were prepared in two ways. In one method, films of various thicknesses
were sputtered onto glass slides and the absorption of the combination measured. Pure
glass was then measured and the film absorption deduced. Absorption of vapor-
deposited films was studied in a similar way. The absorption of sputtered gold is illus-
trated in figure 16. There is an optical ""window'' in gold near 0.52 micrometer which
transmits 20 percent more light than wavelengths near 0.75 micrometer. Any accurate
measurement of quantum efficiency would have to account for this variation in absorption.

As shown in figure 16, for pure gold electrodes at wavelengths between 1 and 2.5
micrometers the absorption increased for longer wavelengths for the sputtered films.
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For the vapor-deposited films the absorption decreased. According to A. Smackula of
MIT (private communication) this difference is associated with the mechanism of film
deposition. Slowly evaporated films tend to cluster on the surface. Sputtering takes
place quite rapidly, and rapid collisions between molecules help to produce a more

uniform film.

By depositing films of gold and aluminum simultaneously we found that a more uni-
form spectral absorption results. This is shown in figure 17.

The absolute absorption is significant. A pure gold film only 0. 04-micrometer
thick cuts the transmitted intensity to 1/1000 of that incident. It is thus important to
keep the films as thin as possible. Extremely thin films, however, have increased
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resistance which reduces the uniformity of the electric field over the sample. Thus a
compromise must be made. In practice, gold was deposited and the resistance meas-
ured. If the resistance was too high, more gold was deposited.

Mobility as a Function of Magnetic Field

An attempt was made to see whether the mobility depended on magnetic field. In
metals and degenerate crystalline semiconductors, there is a strong dependence of
resistance on magnetic field. In fields to 1 tesla (1 tesla = 10 kG), we have found that
at 300 K there was no effect on hole mobility within an experimental error of +5 percent.
The reason for this is probably the low mobility or large effective mass for the selen-
ium carriers compared with metals or crystalline semiconductors. One tesla is prob-
ably much too low a magnetic field for significant effects. With at least 10 times the
field strength, the chances of observing changes would be greatly improved since mag-
netoresistance is frequently quadratic in magnetic field (ref. 9). If changes could be
observed, it would be very instructive to compare with crystalline results.

CONCLUDING REMARKS

The results of this work are pertinent to electro-optical devices, since mobility is an
important parameter in their effectiveness and response speed., This report makes sev-
eral contributions to understanding mobility: we have shown that the substrate deposition
temperature has little effect on the mobility at 300 K. However, the temperature depend-
ence of mobility is affected by deposition temperature. We have also shown that the 300 K
electron ‘'mobility triples by applying electric fields greater than 5><106 volts per meter,
Mobility is found to be independent of magnetic fields to 1 tesla within an accuracy of
+b percent. Mobility at 300 K is also shown to be independent of wavelength in the region
from 0. 22 to 0. 60 micrometer; however, the number of carriers is very dependent on
wavelength, and this determines the wavelength cutoff in the number of carriers excited
to mobile states.

In addition, we have studied the influence of the methods of preparation of electrode
films. A new phenomenon has been investigated for temperatures below 200 K, where
voltage-against-time curves are exponential, rather than kinked, and the exponential
decay is strongly temperature dependent.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, June 24, 1971,
129-02.
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capacitance

sample thickness
thermal activation energy
electric field

energy gap for amorphous
materials

energy gap for crystalline
materials

energy gap for mobility
thickness of charge layer
Boltzmann constant
photoinjected charge
charge due to VO

sample resistance
temperature

glass temperature
transit time

time

voltage

voltage applied across sample
drift velocity

distance

dielectric constant

drift mobility

electron drift mobility
hole drift mobility

electrical resistivity
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SYMBOLS

7  trapping time

T decay time



APPENDIX B

DERIVATIONS

Consider the sample with a voltage across it before illumination. It has a capac-
itance C (approx. 400 pF for our samples), a voltage Vo’ and a charge QO, where

Q, =CV, (B1)

as shown in figure 18(a). The light flash creates equal numbers of electrons and holes

++++Q°+++++V ++++Q°_Q+++++V
0 - ¥ 0
T x{t}
d ]y v 4+ o+ o+
1 Q
— = — - —— 7 ——— 0
-Qq -Q
(@) Voitage V, applied across (b) Flash of light produces positive and negative
width d producing charge charges Q. Positive Q is shown in transit
Qg across film.

Figure 18. - Model of film.

with charge Q. The electrons, as illustrated in figure 18 will move quickly to the pos-
itive electrode, leaving charge Q0 - Q on it. The holes will drift across the sample.
To study their motion, the superposition principle is used. This is illustrated in fig-
ure 18(b). The voltage across the sample is

d _ x(t) -
V=/ de:(QO ©\. de:QO Q.,9@-x (B2)
0 C 0 C KA

where k is the dielectric constant.

Va—"-22=-V - —— > -V - "2 (B3)

This indicates that in addition to the applied voltage, a voltage dependent linearly on
time will appear. After the charge sheet traverses the sample, the voltage will decay

23



to the situation existing before the light pulse.
If traps are present to remove charge from the moving sheet, the voltage across
the sample (ref. 14) can be shown to be

LLVQ '
Vv -—90% q_t/7)y pcy (B4)

(o]
ca?

where 7 is the average lifetime of a charge before being trapped. When 7 >> t',
equation (B4) reduces to equation (B3). At low voltages or in thick samples, t >> 7
and V decays exponentially with a characteristic time 7. This offers an experimental
method of measuring 7. These values are of the order of 30><10°6 second for our

samples.
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